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ABSTRACT 
 This paper presents a hybrid grid strategy for the CFD modeling of complex 
technological effects which can be encountered on turbomachinery applications. It 
consists in mixing within the computational domain structured and non structured zones 
which are connected with conformal matching frontiers. The main channel flow path is 
meshed with a classical structured approach, while non structured grids enable to mesh 
the technological components. The application of this grid strategy with the ONERA 
CFD code elsA is illustrated on two industrial applications: a multi-row film-cooled 
turbine blade and a multistage compressor including labyrinth seals.  
Keywords: Turbomachinery; CFD; Hybrid; grid; structured; unstructured 
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Nomenclature 
CFD Computational Fluid Dynamics 
RANS Reynolds Averaged Navier-Stokes 
S Curvilinear abscissa 
L Reference blade length 
Qinj Injected coolant mass flow 
Mis Isentropic Mach number 
h Heat transfer coefficient 
Taw Adiabatic wall temperature 
Tisow Isothermal wall temperature 
Tio Inlet total temperature 
Tc Coolant gas temperature 
Trec Recovery temperature 
h/H Relative span height 
 
Symbols 
η Film cooling effectiveness 
φw Wall convective heat flux 
Φ Normalized mass flow 
Ψ Normalized pressure ratio 
ηis Isentropic efficiency 
  
 
1.0  INTRODUCTION 
With the increase of computational resources available for numerical 
simulations, CFD is commonly used today for aeroengine design. Yet many efforts are 
still to be achieved to improve the results which suffer from simplifications made in: 1) 
flow modeling, 2) boundary treatment, 3) inaccurate modeling of the geometry. If a 
considerable amount of work has been devoted in the past to flow modeling (turbulence 
and transition modeling) or boundary treatment (development of specific boundary 
conditions for turbomachinery configurations), significant efforts remain to be achieved 
on the geometrical modeling. Aeroengine designers wish indeed to simulate more and 
more accurately the complex geometries which can be encountered on industrial 
turbomachines by integrating in the design process geometrical components such as 
casing treatments, grooves, blade slots, cooling holes or gaps separating fixed and 
rotating walls. Figures 1 and 2 represent an illustration of such geometrical components 
encountered on industrial compressor and turbine stages [1,2]. Many experimental and 
numerical studies have shown that these technological effects can have a crucial impact 
on the performance of gas turbines [3,4]. Therefore it is important for aeroengine 
designers to simulate more and more accurately the very complex geometries 
encountered on industrial turbomachines by integrating in the design process those 
geometrical components, at a reasonable cost. Nevertheless for turbomachinery 
applications, such geometrical details, characterized by their small dimension, can 
represent a real challenge for geometry modeling. Indeed, taking into account these 
technological effects in a CFD structured solver with a multi-block approach is far away 
from being trivial. To alleviate the problem, one possibility is to use the Chimera 
technique [5] which offers flexibility in the grid generation. Yet the main drawback of 
the Chimera method is that it induces local conservation losses, leading to uncertainties 
on the evaluation of the massflow which is a key parameter in turbomachinery 
applications.  
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Fig 1: Compressor stage with technological effects [1]. 
 
Fig 2: Cooled gas turbine stage [2] 
This paper deals with an alternative grid approach, based on the use of hybrid 
structured/unstructured grids. The first part of the paper describes the hybrid grid 
strategy for the modelling of technological components, followed by a presentation of 
ONERA’s CFD code elsA which is used in the present study. The second part of the 
paper illustrates the application of this grid strategy on two industrial complex 
configurations. The first case is a multi-row film-cooled nozzle guide vane, and the 
second is a multistage compressor configuration including labyrinth seals. 
 
2.0  DESCRIPTION OF THE HYBRID GRID 
APPROACH 
The main principle of the grid approach is to mix within the computational 
domain structured and non structured zones which are connected with conformal 
matching frontiers. Both structured and unstructured grids are generated separately with 
different meshing tools in order to take the best from each: precision and efficiency on 
one side for the structured part, and flexibility on the other side for the meshing of 
complex geometries with unstructured elements. Coincident conformal matching joins 
are used at the interfaces in order to be conservative. Figure 3 represents an illustration 
of this grid strategy applied on a simplified configuration of a blade including a cooling 
hole on the pressure side. Most of the grid of the channel and the blade is a classical 
multi-block O-H type grid (in red), and locally near the hole a non structured grid (in 
black) enables to mesh easily this component. On this example and on the following 
presented cases, the structured domains are generated with Autogrid [6], while 
Pointwise [7] is used for the non structured ones. 
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Fig 3: Example of hybrid mesh. 
 
3.0  DESCRIPTION OF THE ONERA CFD CODE 
ELSA 
The elsA solver [8,9,10], developed at ONERA since 1997 in cooperation with 
other research groups (CERFACS, ENSAM, LMFA), is a multi-application 
aerodynamic code based on a cell-centered finite volume method for structured and 
unstructured meshes. Solving the compressible, three-dimensional RANS equations, 
elsA allows simulating a wide range of aerospace configurations such as aircrafts, space 
launchers, missiles, helicopters and turbomachines. Therefore a wide range of numerical 
tools, turbulence models and boundary conditions are available. In the past few years, 
an important work has allowed the extension of the multi-block structured solver in elsA 
to an hybrid grid solver, in which structured (ijk-based) and unstructured blocks may 
coexist within the same computational domain [11,12,13]. Structured zones may be kept 
for the sake of efficiency and of accuracy in viscous layers, whereas unstructured zones 
may enable an easier mesh generation and adaptation process. The latest improvements 
have been achieved by the work of Soismier [14][15]. 
 
4.0  INDUSTRIAL APPLICATIONS 
4.1 First application: multi-row film-cooled turbine blade 
 
The first applications is a film-cooled turbine nozzle guide vane investigated 
experimentally by Ott and Jonsson at EPFL-LTT [16][17]. Figure 4 represents two 
views of the vane geometry with cooling row details. This highly film cooled NGV, 
composed of 113 holes distributed along 10 rows, is representative of an advanced 
industrial turbine blade. The main flow conditions of this cascade are reminded in table 
1. 
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Fig 4: 3D (top) and 2D (bottom) views of the EPFL configuration. 
 
Table 1 
EPFL flow conditions 
Inlet total pressure 1.493 bar 
Inlet total temperature 333 K 
Inlet mass flow 0.577 kg/s 
Inlet Mach number 0.165 
Outlet Mach number 0.88 
Outlet static pressure 0.881 bar 
Cooling temperature 303 K 
Cooling mass flow 6.11 to 10.33 g/s 
Wall temperature 273 K 
 
Cooling holes are geometrical components difficult to include in a full 
coincident multiblock structured grid, because of their small dimension. One possibility 
is to use the Chimera approach as it was done in the previous work of Riou [5]. In the 
current work one investigates the hybrid grid strategy illustrated on figure 5. It allows 
the meshing of the cooling holes with unstructured elements (prisms, pyramids, and 
tetrahedrons), keeping structured elements in the main channel flow, and coincident 
matching frontiers between the structured/unstructured zones. The mesh includes a total 
number of 4.106 elements. 
d
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Fig 5: EPFL hybrid grid 
  Such grid strategy enables to simulate the film-cooling interaction between 
the main channel flow and the cooling flow as illustrated hereafter. Figure 6 represents a 
mid-span view of the Mach number distribution : as expected the main flow is deviated 
and accelerates within the nozzle guide vane passage. The total temperature field on the 
blade and on a mid-span slice represented in figure 7 exhibits qualitative satisfactory 
behavior: the convection of the coolant flow leaking on the blade surface and then in the 
blade channel.  
 
Fig 6: Mach number distribution at mid-span. 
 
Fig 7: Total temperature field on the blade and on a mid-span slice. 
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The experimental study focuses on the mid-span region of the NGV where the 
flow is mainly two dimensional. Figure 8 represents the isentropic Mach number 
distribution obtained on the “smooth wall” configuration (without cooling holes) for 
three standard turbulence models : Spalart-Allmaras, (k-l) of Smith,  and (k-ω) of 
Wilcox. One checks that the acceleration of the flow within the channel is well 
reproduced by the computation. 
 
Fig 8: Isentropic Mach number distribution (smooth wall blade).  
Aerothermal measurements have been achieved using transient liquid crystal 
technique. First of all, the quality of the cooling process is evaluated with the film-
cooling effectiveness, folowing the definition of Jonsson and Ott : 
η = 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑇𝑇𝑎𝑎𝑎𝑎
𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑟𝑟
                     (1) 
Figure 9 represents the distribution of η, averaged in the spanwise direction, 
obtained for each turbulence model investigated, compared to the experimental values 
for one experimental point corresponding to an injected coolant mass flow of 10.33 g/s. 
The adiabatic effectiveness is plotted as a function of the normalized curvilinear 
abscissa (S/L=0 corresponds to the leading edge, S being positive on the suction side 
and negative on the pressure side). One notices that the computations predict well the 
increase of film-cooling effectiveness at each cooling hole position, followed by the 
gradual decrease between each coolant flow. One notices that the three turbulence 
models predict different levels of effectiveness. Accurate aerothermal prediction 
remains indeed a challenge for turbulence models which are not calibrated for such type 
of interaction flow configuration. 
 
Fig 9: Film-cooling effectiveness distribution: model comparison.  
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Figure 10 represents a comparison of these plots, for the four operating points, 
where the cooling mass flow (Qinj) is gradually increased from 6.11 to 10.33 g/s. One 
observes that as in the experiments, all of the computations predict well the effect of the 
increase of the adiabatic effectiveness when increasing the cooling mass flow (black 
arrow). The computations reproduce well the fact that the blowing ratio is a dominating 
main driver on film-cooling effectiveness.  
 
 
Fig 10: Film-cooling  effectiveness: coolant mass flow effect. 
The wall heat transfer coefficient values, obtained in the CFD can also be 
computed and compared to available experimental data. It is defined the following way: h = 𝜑𝜑𝑎𝑎
𝑇𝑇𝑎𝑎𝑎𝑎 − 𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖𝑎𝑎
                   (2) 
The numerical estimation of the heat transfer coefficient is done by running 
two types of computations. First of all one performs a computation imposing adiabatic 
wall conditions, which gives acess to the adiabatic wall temperature (Taw). The 
convective heat flux at the wall (φw) is then obtained by running a computation 
applying on the walls isothermal conditions, imposing a constant wall temperature value 
(Tisow). Figure 11 represents the heat transfer distribution obtained with the three 
turbulence models for the experimental point corresponding to an injected coolant mass 
flow of 10.33 g/s. One can notice that qualitatively the computations reproduce a 
satisfactory agreement with the experimental results.  
 
Fig 11: Heat transfer distribution. 
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4.2 Second application: multi-stage compressor with labyrinth seals 
 
The second presented application is the 3.5 experimental compressor stage 
CREATE investigated at Ecole Centrale de Lyon in LMFA laboratory [18]. This axial 
compressor from SNECMA is representative of the median stages of modern high 
pressure compressors. A meridian view of the compressor with the investigated 
experimental planes is presented in figure 12. Measurements are carried out both with 
pneumatic and unsteady pressure probes. Two-dimensional velocity measurements are 
also available through Laser-Doppler-Anemometry. Tables 2 and 3 indicate the blade 
counts (multiple of 16) and the compressor characteristics at design point. This test case 
has been widely used for the validations of CFD methods [19]. 
 
Fig 12: Meridian view of CREATE with measurement positions. 
Table 2 
CREATE blade counts 
IGV R1 S1 R2 S2  R3 S3  
32 64 96 80 112 80 128  
 
 
Table 3 
CREATE characteristics 
Outer casing diameter 0.52 m 
Rotating speed  11543 rpm 
Mass flow 12.7 kg/s 
Inlet Mach number (tip R1) 0.92 
 
In order to mesh such a complex configuration, a structured grid approach for 
the labyrinth seals is not impossible, but such grid generation is complex and time-
consuming, as experienced by Marty [20]. As a consequence, the grid which is used in 
the present study is a hybrid grid combining structured and non structured zones. 
Figures 13 to 16 represent different views of the hybrid grid. Figure 13 represents a 
global view of the mesh, including 14. 106 elements, and containing structured zones for 
the main channel (red for the rotors, green for the stators), and non structured domains 
(blue) enable to mesh the labyrinths beneath the stator blades.  Figure 14 highlights the 
coincident matching grid in the interface zone between the structured and non structured 
domains, which are connected through quadrilateral elements, belonging on one side to 
the structured hexahedron, and to the pyramids or prism elements of the non structured 
domains on the other side. Figures 15 and 16 represent different close up views of the 
seals. The use of non structured elements allows to generate such complex parts of the 
labyrinth in a reasonable time. 
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Fig 13: Global view of the mesh. 
 
Fig 14: Matching zone between structured/unstructured grids. 
 
Fig 15: Close up view of the seals. 
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Fig 16: Close up view of the seals. 
Different steady mixing plane computations have been performed on this 
configuration using the hybrid grid strategy. A view of the relative Mach number at 
mid-span and inside the labyrinth seals for a computation at nominal operating point is 
plotted in figure 17. The result is acceptable from a qualitative point of view. The 
streamlines and the main flow pattern within the flow channel are well captured, while 
at the same time the flow within the labyrinth is simulated. Such types of computations 
give indeed access to the complex cavity flow highlighted in figure 18 which represents 
different aerodynamic quantities: static and total pressure, axial and tangential 
velocities, and entropy. One can notice first of all that the labyrinth flow is 
characterized by an axial pressure gradient, between the upstream and downstream exits 
of the cavities, highlighted by the static pressure field. This is due to the compression of 
the main channel flow, deviated by the stator blades, which induces a recirculating flow 
within the labyrinth, from downstream to upstream. The flow is also characterized by 
significant losses, as can be seen on the total pressure and entropy fields. Total pressure 
drops and entropy increases as the labyrinth flow travels upstream. This is due to the 
complex geometries of the cavities: this recirculating flow encounters many obstacles, 
inducing massive separations. One also observes a subsonic tangential flow, as seen on 
the tangential velocity components. This is due to the motion induced by the moving 
walls (the labyrinth walls is connected to the rotor rotate at 11543 rpm, while the walls 
connected to the stator blades do not move) the main velocity component is tangential, 
the axial component being small and negative. 
 
Fig 17: Mach number distribution at mid-span and in the cavities. 
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Fig 18: Cavity flow within the three labyrinths. 
Figures 19 and 20 represent the compressor map (compression rate and 
isentropic efficiency as a function of the mass flow) obtained for four different 
configurations. Results obtained on the “smooth wall” configuration (without labyrinth 
seals) are compared with the computations including the first labyrinth (L1), the first 
and second labyrinth (L1+L2) and finally the three labyrinths (L1+L2+L3). 
Experimental values are added as a reference. Even if the purpose of this paper is not to 
analyze the differences between the CFD and experiments, one can just mention that the 
shift in blockage mass flow was already observed in previous studies [18]. The effect of 
the labyrinth seals is indicated by the blue arrow. When gradually adding the labyrinth 
seals, a shift of the compressor maps occurs, towards the low mass flow, and lower 
compression and efficiency. This effect confirms many studies as the work of Flores 
[21].  
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Fig 19: Pressure ratio map. 
 
Fig 20: Isentropic efficiency map. 
 All of these computational results enable to perform many analysis which can 
highlight the effects of the labyrinth seals on aerodynamic quantities of interest for 
aeroengine design. One example is plotted in figure 21, representing for the downstream 
axial plane (290) the radial distributions of circumferentially averaged axial momentum. 
Experimental values are added as a reference. One observes that the gradual addition of 
the three labyrinths reduces the axial momentum near the hub zone, due to the suction 
effect. More analysis, out of the scope of this paper, will be the subject of a future 
paper. Future unsteady calculations will also be performed in order to improve the 
accuracy of the flow modeling within this compressor. 
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Fig 21: Axial momentum radial distribution in the downstream plane. 
 
5.0  CONCLUSION AND PERSPECTIVE 
 A hybrid grid strategy, combining within the computational domain structured 
and unstructured domains, has been investigated for technological effects modelling in 
turbomachinery flows. This strategy has been applied successfully on two complex 
configurations representative of engine conditions.  
 This approach enables to keep for the main blade channel flow a classical O-H 
topology which is known to be well adapted for turbomachinery simulation with a 
reasonable number of grid points, and at the same time meshing complex components in 
a reasonable time. Such computations are useful for aeroengine design, enabling both a 
local and global understanding of the influence of the technological effects located in 
the vicinity of the main stream. The conformal matchings between structured/non 
structured zones enable to guarantee conservativity which is a key parameter for 
turbomachinery CFD.   
The meshing of the interface zone remains a point which requires attention in 
order to have a satisfactory quality of solutions. Such constraint could be significantly 
reduced by using boolean intersection algorithms on polyhedral grids as proposed by 
Landier [22]. This approach will therefore be investigated and will represent further 
improvement for meshing technological components. 
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